SnS thin films were deposited on glasses through metal organic chemical vapor deposition (MOCVD) method at relatively mild conditions, using bis(3-mercapto-1-propanethiolato) tin(II) precursor without toxic H 2 S gas. The MOCVD process was carried out in the temperature range of 300-400 °C and the average grain size in fabricated SnS films was about 500 nm. The optical band gap of the SnS film was about 1.3 eV which is in optimal range for harvesting solar radiation energy. The precursor and SnS films were characterized through infrared spectroscopy, nuclear magnetic resonance spectroscopy, DIP-EI mass spectroscopy, elemental analyses, thermal analysis, X-ray diffraction, and field emission scanning electron microscopic analyses.
Introduction
Recently, a lot of researches have focused on thin film solar cells as a future resource for sustainable energy. Most of the advanced thin film photovoltaic technologies are based on Cu(In,Ga)Se 2 , CdTe, and Si absorber materials. Recently, P. Jackson et al. reported a maximum efficiency of 20.3% using Cu(In,Ga)Se 2 based absorber layers.
1 However, because of various difficulties in maintaining proper stoichiometry, especially, in larger area thin film preparations, alleged environmental hazards, and the high cost of indium, these materials are assumed to be not so beneficial in the longer run.
2 Currently, many efforts in various laboratories have been made to develop other photovoltaic materials with a suitable energy band gap, such as Cu 2 S, Cu 2 O, Cu 2 ZnSnS 4 , Cu 2 ZnSnSe 4 , and SnS. [3] [4] [5] [6] Tin sulfide (SnS) is among the most interesting materials since it has high potential in device fabrication with low cost due to its non-toxicity and easier availability of the constituent materials. It is an IV-VI layered semiconductor with orthorhombic or tetragonal crystal structures. 7 The different local coordination of SnS results in strikingly different optical properties in the near-IR region and band alignment. 8 Further, properties like high absorption coefficient, 9 direct band gap in the range from 1.3 to 1.86 eV, 10 and indirect band gap in the range from 1.0 to 1.2 eV 8 make SnS a more potential material for photovoltaic applications. Also, Loferski theoretically proved that a maximum efficiency of 25% can be achievable for the SnS absorber solar cell. 
17,18
Even though there are many methods for fabrication of SnS films, to our best knowledge, a preparation of SnS thin films through MOCVD method using a single molecule precursor has not been reported despite of many practical benefits of the MOCVD method. [19] [20] [21] The reason is mostly believed because it is very hard to synthesize a stable Sn and S containing single molecule precursors with high volatility. Due mainly to the very strong intermolecular interactions between Sn and S atoms, they are easily turned into insoluble polymeric materials without any volatility when heated in MOCVD process. A few Sn and S containing single molecules such as Sn(S 2 CNEt 2 ) 2 were already synthesized, but the preparation of SnS thin film through MOCVD using them failed because of the aforementioned intermolecular Sn and S interactions.
22,23
Thus, in an effort to obtain SnS thin films through MOCVD method, we have synthesized and characterized a new precursor, bis(3-mercapto-1-propanethiolato) tin(II), which is shown at Scheme 1. In this paper, we report that, using the precursor, SnS thin films can be successfully fabricated on glass substrates through MOCVD method at the relatively mild conditions.
Experimental Details
Reagents. Most of the reagents were purchased from Sigma-Aldrich Corporation and used without further purifications. Triple distilled water (TDW) was used for solvent.
General Procedures.
1
H-NMR spectra were recorded on a Varian Gemini 2000 (300 MHz) spectrometer using chloroform-d as solvent. Infrared spectra were recorded using a Jasco FT/IT-5300 spectrometer in the 400-4000 cm . Mass analyses were performed at the Center for research facilities of the Chung-Ang University using DIP-EI Mass spectrometer (Micromass Autospec). Elemental microanalyses were performed at the Korean National Center for Inter-University Research Facilities using a CE instrument elemental analyser, EA1110. Thermogravimetric (TG) analyses were performed with Setaram LABSYS TG-DTA/DSC thermal analyser.
Preparation of Sn/S Precursors, Bis(3-mercapto-1-propanethiolato)tin(II). For Sn/S contained precursor, tin(II) chloride (Aldrich; 0.967 g, 5 mmol) was dissolved in triple distilled water (50 mL) and 1,3-propanedithiol (HSCH 2 CH 2 -CH 2 SH, Aldrich; 1.014 mL, 10 mmol) was slowly dropped to the TDW solution of tin chloride at 0 o C. Immediately, yellow powder was precipitated, which was filtered and washed several times using TDW to reduce the residue. After washing, the yellow powder was located under vacuum condition for 48 h. With the lapse of time, the yellow powder slowly changed to white powder. The white powder of bis(3-mercapto-1-propanethiolato) tin(II) have been obtained in 95% MOCVD Experiment and Film Characterization. The SnS thin films were prepared through the MOCVD method and all processes were handled under vacuum. A detailed description of the equipment and methodology used has been published previously. [21] [22] [23] In deposition process using bis(3-mercapto-1-propanethiolato) tin(II), bubbler temperature was controlled to 150-160 °C and SnS thin films were deposited in the temperature range of 300-400 °C for 1 h on glass. The resulting thin films were characterized by powder X-ray diffractometer (Scintag XDS-2000) and field-emission scanning electron microscope (HitachS-4700).
Results and Discussion
Physicochemical Properties of Bis(3-mercapto-1-propanethiolato)tin(II). The infrared spectra of the bis(3-mercapto-1-propanethiolato) tin(II) show the thiol ligand peaks at 2348 cm −1 (S-H stretching vibrations), and 1021 cm −1 (S-H bending vibrations). The other peaks at 665 and 674 cm −1 can be assigned to the C-S stretching vibrations of 3-mercapto-1-propanethiolate.
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The 1 H NMR spectra of the bis(3-mercapto-1-propanethiolato) tin(II) show a triplet at 3.09 ppm, whose integration accounts for four protons at the carbons that are connected to sulfide groups in the 3-mercapto-1-propanethiolato ligand. Another peak of 3-mercapto-1-propanethiolato ligand, pentet, at 1.96 ppm is associated with two protons of middle carbon.
The thermal behaviour of the synthesized precursor was investigated using thermogravimetric analysis. The precursor is quite stable in ambient conditions and has a melting point of 146 °C at 760 Torr with a decomposition temperature of 291°C, and total weight loss was 55.3% at 300 o C, corresponding to the theoretical weight loss of 54.8% as shown in Figure 1 . This result reveals that pure SnS remains after decomposition. Powder XRD pattern of the calcined materials revealed that the precursor decomposed to SnS.
MOCVD Depositions from the Bis(3-mercapto-1-propanethiolato)tin(II) Precursor. The suitability of an organometallic compound as a proper precursor for the MOCVD process might be best verified when it is applied to the real fabrication for a film containing a specific metal center. In this case, the bis(1,3-propanethiol)tin(II) precursor has been tested whether it could be successfully fabricated to the SnS film. Several deposition experiments from the bis(1,3-propanethiol)tin(II) precursor to the SnS films have been made on glass substrates. The precursor has been heated to 150-160 °C at the bubbler, while the substrate temperatures have been kept at 300-400 °C during the 1 h deposition time. The powder X-ray diffraction patterns for the SnS films can be found in Figure 2 . As shown in Figure 2 , the SnS film exhibit several peaks related to (012), (102), (110), (013), (104), (022), and (015) plane of orthorhombic phase (JCPDS card # 1-984) and show strong preferential orientation of (013) plane. Figure 3 shows the SEM images of the SnS films deposited on the glass. The SnS films firstly present a needlelike crystal structure with a loosely packed network at 330°C. Many papers indicate that the orthorhombic structure-SnS films show a needlelike crystal structure. 16, 17 These crystallites are also oriented randomly and exhibited nearly equal sizes. As the deposition temperature increases, the SnS films become quite dense and have relatively uniform grain size at each temperature. Nwofe et al. reported a progressive increase in the grain size of SnS with increasing substrate temperature.
14 Also, the paper shows their films also become denser as the temperature increases. At 400°C, the SEM image of SnS films shows the lager grain size, which is about 500 nm, and the thicknesses of SnS films are about 40 μm, revealing that the growth rate is about 660 nm/min. In addition, EDX analysis indicates that the film has a Sn:S ratio of 1:1. The reported optical band gap of the SnS films, based on UV-Vis spectroscopy, ranges from 1.3 to 1.8 eV, depending upon the deposition temperature, kind of substrates, and deposit methods. 6, 9, 10 In this case, the optical band gap of the SnS films is about 1.31 eV, as shown in Figure 4 . Thus, it is expected that the SnS type solar cells could be built through complete MOCVD processes including CdS or In 2 S 3 thin film as buffer layer. 25, 26 In addition, a lot of researchers tried to anneal their Cu 2 ZnSnS 4 and Cu 2 ZnSnS 4-x Se x films at high temperature over 500 o C in vacuum to avoid ternary phases impurities such as Cu 2 SnS 3 and Cu 4 SnS 4 .
27,28 However, those annealing processes cause decreasing atomic ratio of Sn/Cu in the films due to the evaporation of SnS at such high temperature and vacuum conditions.
29 Therefore, our Sn/S single precursor can be used for the proper control of Cu and Sn ratio at about 400°C . Besides, using the same Sn/S single precursor, we can expect that Cu 2 ZnSnS 4 and Cu 2 ZnSnS 4-x Se x thin films could be directly fabricated with already synthesized Cu, ZnS, and ZnSe single precursors through MOCVD method.
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Conclusions
The SnS thin films through the MOCVD method, using bis(3-mercapto-1-propanethiolato)tin(II) as a single source precursor, were successfully deposited on glass substrates at 300-400°C and the deposition rate of 660 nm/min was relatively quite good under relatively mild conditions. The grain size of SnS films is about 500 nm and the film thickness is about 40 μm. The optical band gap of SnS is around 1.31 eV, which is in optimum range for photovoltaic solar cell. 
